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Aerospace structures are optimally designed and analyzed to specifically-defined 
engineering parameters. Thus, there is a strong drive to understand fatigue properties of 
materials, enabling an engineer determine their influence on these constraints. Space 
structures are usually designed to minimize weight and volume; hence thin designs 
utilizing strong, lightweight materials are ultimately desired. The goal of this research is 
to address an innovative testing technique of material properties not readily obtained 
from current test methods. The properties studied in this research include crack growth 
rates of small diameter rods in both the radial and transverse grain directions under a 
constant-amplitude tensile load at room temperature. This approach is illustrated on I-
beam specimen manufactured from Aluminum 7075-T7351 Bar. The crack growth rates 
from the experimental data are then compared with literature results for plates, sheets, 
and extrusions of the same material. The research completed reveals the test results have 
comparable [Paris relationship] exponential m-values. The significance of quantifying 
small diameter metallic material properties have potential for great impact on the future 











Aerospace structures are known for their demanding light-weight and high-
strength requirements. Due to the nature of their complex applications, an engineer 
contributes a large part of the initial design to selecting a material and geometry that 
ensures structural optimization. The broader and better our understanding of a material’s 
characteristics, the more effective we can be as engineers. 
 Fatigue crack growth is an important property in the long-term reliability of a 
structure; the study of fatigue in metallic materials has been on-going for over a half a 
century. To best understand the fatigue behavior of aluminum alloys, we have to 
continuously re-assess our current knowledge. This includes challenging established 
limitations of the material as well as our engineering techniques that validate them. 
Materials are manufactured to certain minimum criteria, usually outlined by ASTM and 
SAE standards here in the United States. Experimental testing is a key criterion in 
defining these standards.  
The goal of this research work was to focus on utilizing a unique specimen design 
to gain a better understanding of crack growth rates for small-diameter aluminum bar 
material. Specifically, experimental cyclic fatigue data was accumulated and compared to 
previously published work to determine the accuracy of the design for experimental 
testing. With a new design comes many challenges and potential rewards in a well-
established engineering discipline. This requires a sound understanding of the current 
knowledge in this area and a strong motivation to improve conventional methods.  
 This dissertation documents the work performed for this research. General fatigue 
theory was reviewed, as well as published crack growth rates for the material studied. 
Similar experimental test techniques were summarized, as well as the procedures 
implemented in this research. Finally, the results will be presented and discussed, with 
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the hope that the lessons learned and recommended will contribute an improvement in the 
engineering field of structural analysis.  
1.2 Metallic Fatigue Crack Growth 
 Crack growth can generally be characterized into three stages: initiation, 
propagation, and fast fracture. Crack propagation was focused on in this research. Once 
the experimental data was collected, crack growth rates were calculated. A statistical 
review of the resulting fatigue crack growth rates was also completed. This was primarily 
to observe the amount of scatter in the results. The measurement of both the coefficient of 
determination and the standard deviation were employed. These calculations will be 
summarized in this section, along with a review of previously-published crack growth 
rates for the specimen material, Aluminum 7075. 
1.2.1 Fatigue Theory 
 The crack growth parameters in this study included the maximum applied stress 
level, σmax, cycle count, n, crack length, a, crack growth rate, da/dN, and the Stress 
Intensity Range, ∆K. The maximum applied stress value, the crack length, and the 
number of cycles were those observed during experimental cycling. From these values, 
the crack growth rate and stress intensity ranges were determined. Several material 
characteristics and parameter relationships were revealed from these results. 
The fracture mechanics approach applied to fatigue cycling was the method 
applied to calculate crack growth rates for this research with the secant (or point-to-point) 
data regression method[1]. The crack growth rate relationship describes change in crack 











































where β is a dimensionless function based on LEFM and defined by the geometry and 
loading configuration. Also known as the Geometric Correction Factor or Beta Factor, 
the geometric function[2] representing the specimen design in this research is a generic 
SENT specimen illustrated in Figure 1.1 and defined by 






Single Edge Notch Tension (SENT) Geometry[2] 
 
For metallic materials, there is a relationship between the values of da/dN and ∆K 
for a data set on a log-log plot that forms a straight line in the center region of the data, 
illustrated in Figure 1.2. 
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Figure 1.2 
Crack Growth Rate Characterization[3] 
 












where C is a coefficient constant and m is the slope of the middle section of data on the 
log-log plot. This range is called Region II of crack growth rate plots or the Paris law 
region. For the experimental data sets in this research, the fatigue parameters, C and m, 
were determined using a least squares fit regression of a power curve-format equation for 
each specimens set of experimental data points.  
 At low growth rates, the data slopes steeper to a vertical asymptote at a value 
below which cracks generally do not grow. This value is defined as the fatigue crack 
growth threshold and was utilized in establishing the cyclic stress level for this research. 
The data again slopes steeper during fast fracture in Region III to the right of the Paris 
region on the plot. The critical stress intensity factor was calculated from the 
experimental data in this region. 
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1.2.2 Statistical Analysis  
As mentioned above, the fatigue parameters are based on a power curve function 
that can be calculated by regression to best fit the data to a straight line on a log-log plot. 
The suitability of the calculated parameters to the data set can be reviewed with statistical 
analysis. For this research, both the parameters and the data set they were created from 
will be reviewed. The coefficient of determination will analyze the fatigue parameters 
and the 3-σ standard deviation range will be defined for each data set. 
The coefficient of determination is an indicator from 0 to 1 describing how well 
the estimated values for the trend line correspond to the experimental data.[4] The closer 
the value is to one, the better the equation fits the data. The equations[5] used to calculate 
this value is  
SST
SSER −= 12  
where SSE[5] is the sum of the squares of the error 
( )2ˆ∑ −= ii YYSSE  
and SST[5] is the sum of the squares of the total 








The standard deviation measures the range of values from the average value (or the 
mean), and can be calculated for the log-normal values with the relationship[4] 













and this is related to the linear values with the equation[4] 
log10σσ =linear  
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1.2.3 Previously Published Studies 
 We are familiar with aluminum alloys as high strength materials used in a 
wide range of industries, including aerospace, marine, electric utility, robotics, rail 
transportation, and building construction. As a result, it is a well-studied material with a 
variety of publications examining every structural characteristic in great detail. 
Differences in the experimental conditions used in those studies will be reviewed in this 
section. These crack growth trends will be compared with experimental data in the 
Results section of this document. All studies reviewed included tests completed with 
Aluminum 7075 coupons at room temperature on a constant-amplitude spectrum. Table 
1.1 summarizes the list of test conditions from these reports. Variations of the Paris Law 
relationship were used in these studies. These equations are defined in this section.  
A number of these publications on material properties are developed by national 
and international societies. Several of these sources were reviewed for this research. Data 
from the MMPDS document, FAA Fatigue Crack Growth Database, ASM Materials 
Handbook, and ESDU standards were compared with the experimental results from this 
research.  
 The MMPDS-01[6] and ASM[7] fatigue crack growth curves were reviewed to 
determine how well the research data correlated. The published data in these references 
fits a Paris Law relationship that will be superimposed over the experimental data for 
comparison. 
The FAA Fatigue Crack Growth Database fits experimental data to multiple 
variations of the Paris Law. The equation format[8] used by the NASGRO curve fit 
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The data for the ESDU fatigue parameters was fit to the same power curve 
relationship as the experimental data[9], defined in Section 1.2.1. 
Standards such as these are augmented by industry and educational research that 
complement and expand on the scope of material handbooks and standards. Other 
published technical documents vary the parameters used by standard publications and 
expanded our knowledge bank for understanding these materials under a wider variety of 
conditions. These works are extremely useful in understand the range in properties of 
materials.  
The crack growth rates of S. C. Forth, J. C. Newman Jr. et al., and J. K. Kim et al. 
were compared against the experimental results of this research. The Region II 
relationship[10] from Forth, Newman et al. research fit the format 
 
The experimental results from Kim et al. research were fit to the same Paris Law 
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2000 T6 Plate L-T CT 0 1.6 - 9.8 21 - 29
ASM
Atlas of Fatigue Curves
1986 T7351 -- -- 0.1 -- --
FAA Fatigue CG Database
NASGRO Equation
2005 T73 Plate L-T -- -1 4.6 - 12.7 29
FAA Fatigue CG Database
Walker Equation
2005 T73 Plate L-T -- 0.1 - 0.8 4.6 - 12.7 29
Forth, Newman, Jr.
Int'l Journal Fatigue
2003 T73 Plate L-T
C(T) & 
M(T) 0.1 12.7 --
ESDU 81083B
1998 T7351 Bar L-T & T-L C(T) 0.11 19 - 25 24 - 47
MMPDS-01
2003 T7351 Plate L-T M(T) 0.1 - 0.51 6.35 --
AFGROW
2004 T73 Forging L-T -- 0 -- --  
1.3 Specimen Design 
One of the most significant components of this research is the unique design of 
the specimen in Figure 1.3. This design allows for testing of a wide variety of functional 
usages on edge-notch tension specimens, potentially offering more efficient testing.  
 
 
 Figure 1.3  
Miniature I-Beam Test Specimen 
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1.3.1 Experimental Testing Coupon Types 
 There is a variety of standard test specimen geometry used in axial tension 
testing, as shown in Figure 1.4. Figure 1.5 illustrates how standard specimens use 
different test stand attachment methods from simple to complex. Each design offers its 
own benefits to various test situations. The miniature I-beam specimens used in this study 
offers a simple design easy to machine or extrude with simple mechanical attach 
locations.  It is readily scalable in design, with previous testing showing no effects of 
center web height on cyclic fatigue test results. The design of the grip ends allows the 
specimen to be utilized in a variety of tests, including fatigue, fracture toughness, tension 



























Minimum geometry limited by pin diameter
--
High Temperature limitations
Dog Bone Simplest Geometry For pinned grips, minimum width limited by 
pin diameter
--






L-T Plate grain direction
--
No size or high temperature limitations
--
Use for several test types
--
Simple grip installation





1.3.2 Test Environment 
 The environment of aerospace applications varies widely throughout the 
life of a structure. These designs are certain to be subject to high- or low-temperature 
environments, whether these thermal changes are cyclic or interim. It is important that 
testing standards are extremely robust in all environments to accrue valid test data. This 
specimen design would not have any mechanical variations in extreme temperature 
environments and could offer potential benefits over current standard geometries. For 
example, a high temperature test environment could affect the results of test using a C(T) 
specimen, as illustrated in Figure 1.6. This environment would affect the modulus and 
strength of the pins during the test. The I-beam specimen in this extreme environment, 









High-Temperature Testing of Miniature I-Beam 
1.3.3 Material Direction 
With the miniature I-beam geometry, there is an opportunity to study metallic 
materials in grain directions not regularly utilized for structural applications. Metallic 
core composites are already successfully used in an enormous variety of applications 
within most structural designs. Examples[15] include automobile brake drums, 
performance boat bulkheads/floors, and robotic arms, where its high-stiffness properties 
can reduce the vibrations resulting from movement. Rail transportation utilizes pre-
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crushed metallic honeycomb assemblies as energy absorbers and driver protection. It is 
also used in satellite solar panels, satellite rocket fairings, and Acoustic Lining Panels in 
aircraft engines. This specimen geometry can be manufactured from plate material in the 
L-T grain direction, which can be used in both the core and skin materials of composites, 








Composite Core  
 
Companies like Cellular Materials, Inc. manufacture a wide range of distinctive 
core designs, such as a periodic open cell tetrahedral truss core, that are specially-glue 
(transient liquid phase approach) or welded between aluminum face sheets[16], illustrated 
in Figure 1.10. This specimen design is representative of this type of core as well as the 
face sheet. These designs are produced for applications such as jet blast deflection on 
aircraft carriers, blast and ballistic protection on armored vehicles, heat management for 
electronics storage, impact defense for vehicle bumpers, and flow separation control in 
scramjets. These cores can have relative densities less than 2% and allow fluid to pass 







 The specimen geometry is also representative of fasteners tests performed 
throughout the industry. Fasteners are tested several direction for standardization 
requirements, as shown in Figures 1.11, including the axial direction. This is potentially 






Figure 1.12 illustrates the variation in fastener test fixtures defined by several 
organizations[17-19]. This miniature I-beam design would potentially be a more cost 






Fastener Testing Installations[17-19] 
1.3.4 Small Crack Effects 
The severity of the spectra in structural applications can vary greatly and 
sometimes result in much smaller critical flaw sizes. Rotorcraft spectra have historically 
seen more severe loading conditions and smaller critical crack sizes than commercial 
aircraft spectra[20], as shown in Figure 1.13. In this example, we see there are very few 
flight-hours left in a material subject to this loading with an initial flaw at any value 



























































A specific occurrence of this severity can be seen in the inspection findings of an 
H-60 Jayhawk helicopter in 2002. An 8-inch crack was discovered during routine 
inspection on the 7075 fuel tank pylon support. The crack initiated from corrosion pitting, 
growing at a rapid rate of 1.5 mm per 1000 loading cycles[21]. It is important to 




Rotorcraft Inspection Results[21] 
 
The scale of the initial flaw size in a situation such as this can be categorized into 
the small crack regime, where crack behavior can vary from that of LEFM. The 
differences for the crack growth lengths vary depending on the material property 
















SMALL CRACKS LARGE CRACKS
• Large influence of  
microstructure
• a ~ ρ 
• ρ = grain size
• Little influence of  
microstructure
• a ~ ry
• ry = plastic zone 
size
• Little influence of  
microstructure
• a ~ ls






Small Crack Regimes[22] 
 
These small cracks can result in different crack growth rates for a given material[23], as 
illustrated in Figure 1.16. The I-beam specimen geometry is an ideal design to study 
crack growth rates in smaller cross-sections of materials. 
 































Small Crack Fatigue Characteristics[23] 
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ASTM currently recommends a variety of small crack geometries in standard E647[1], 
illustrated below in Figure 1.17. Each of these geometries could be applied to the 
miniature I-beam geometry. 
 
Figure 1.17 
Small Crack Coupon Geometries[1] 
1.3.5 Stress State 
 ASTM currently does not have a published method to test and analyze 
fatigue crack growth experiments in the plane stress state. The ability to test specimen of 











Axial Stress States[24] 
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The change in characteristics of the stress state affect the local crack tip plastic 




















The specimens were designed in the shape of an I-beam, as shown in Figure 2.1. 
The overall size was limited within the diameter of the rod material purchased. Therefore, 
the width and height were defined by the diameter of the rod, but the overall depth of the 
design was not restricted. The specimens have a height of 16.26 mm, a depth of 12.7 mm, 
and an overall flange width (used to clamp the specimen) of 15.24 mm. The thickness of 
the center web varies among the specimen with three values: 1.524 mm, 3.048 mm, and 
5.080 mm. The specimen design drawings were generated in CATIA v4 and can be found 





Specimen Design Examples 
 
The specimens are manufactured from a 0.75”-diameter Aluminum 7075 rolled 
rod material. The inspection report for the stock material is displayed in Appendix B. The 
specimens were machined in the R-L load-crack direction illustrated in Figures 2.2, in 
accordance with ASTM-E399[26]. All specimens were machined by Holan Inc. and heat-
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treated to T7351 temper from the rod in Figure 2.3. The monotonic[27] and cyclic[7] 










The initial flaw size for this research was 1 mm past the edge of the notch, with 
the purpose of generating a sharp flaw tip. The initial manufactured notch was intended 
to create an initial stress concentration at the center of the web and the added pre-crack 
was generated to remove any influences of the initial notch from the crack growth data. 
No plastic zone length was assumed, calculated, or incorporated into the flaw size value 
at any point in these calculations. The notch was 2.54 mm long, 0.127mm high, and thru-
thickness. The stress concentrations were manufactured using two different techniques. 
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Seven of the specimens were EDM-notched and the remaining four specimens were saw-
cut to a square-notch. All notches were manufactured by either Sherer Machining Inc or 
Holan Inc.  The EDM notch has a semi-circular tip diameter of 0.127 mm and the square 
notch has tip corner radii of 0.04 mm. The notch geometries are shown in Figures 2.4 & 
2.5. The potential effects of the different specimen notches will be discussed in the 









EDM Semi-circular Notch Geometry 
 
The test matrix consisting of eleven specimens is shown in Table 2.1 below.  
 
Table 2.1 
Specimen Test Matrix 
Specimen t [mm] Count
AL0664 1.524 2
AL1264 3.048 4
AL2064 5.08 5  
 
Throughout this document, the specimen axis system will be defined as x-direction 











2.2 Test Equipment 
 A complete description listing of the equipment used throughout this research is 
located in Appendix C. 
2.2.1 Calibration 
For calibrations, two CEA-05-062UW-350 strain gages were attached to a steel 
miniature I-beam specimen as shown in Figure 2.7. The gages have a gage factor of 2.11 
± 0.5%. A strain gage soldering unit was used to attach the wires to the specimens, and a 
voltmeter was used to verify the strain gage readings. After installing the specimen into 
the test fixture, strain indicator unit and a switch & balance unit were used to record the 




Calibration Strain Gage Attached to Specimen 
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2.2.2 Specimen Preparation 
 Preparation of the specimen prior to fatigue cycling included polishing, cleaning, 
and pre-cracking. The polishing required sandpaper, emery paper, olive oil, and diamond 
paste. An ultrasonic cleaner was used to clean the specimen and an MTS810 Test Stand 
and optical microscope were used to pre-crack the specimens and track the pre-crack 
length. 
2.2.3 Fatigue Cycling 
 All fatigue crack growth experiments were performed on an MTS servo-hydraulic 
load frame equipped with mechanical grips designed to accommodate the miniature I-
specimens. The specially-designed Inconel 718 grips manufactured by the Nickel 
Company are displayed in Figure 2.8. The MTS 810 servo-hydraulic test stand was 
outfitted with a 250 kN force transducer, an MTS Teststar IIs controller, MTS hydraulic 
power unit, and a Compaq desktop PC with Windows NT 4.0 OS.  
 The MTS Station Manager software commanded the actuator after the spectrum 
was defined in the Multi-Purpose Testware software. Optical crack growth measurements 
were recorded manually into a Microsoft Excel spreadsheet. The data was then regressed 
in the same file. The data was measured with a Nikon optical microscope using the 10sc 
(0.1) lens and a WF10X eyepiece. All digital photos of the specimen were taken with 
either an Olympus digital camera or a National digital microscope, attached to a Gateway 
PC with Windows XP OS. Motic Images Plus 2.0 OML software was used to store the 




Nickel-base Super Alloy Grips 
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2.3 Test Procedures 
2.3.1 Calibration 
 For the specimen calibration, axial strain gages and wires were attached to both 
sides of the center web of a steel specimen utilizing a strain gage installation procedure[28] 
defined by Vishay Measurements Group. The gages were connected to an amplifier 
during specimen loading, as illustrated in Figure 2.9. To replicate the testing 
environment, both the grips and the threaded rods used to attach the specimen to the 
fixture were left un-tightened by 2-3 threads to help alleviate fixture rigidity, which could 
cause additional load due to bending. From there, the strain gage factor was set on the 
strain indicator unit and then the gages were zeroed with the switch and balance unit. The 
specimen was loaded from zero to 3000 N at a loading rate of 600 N/sec, where the load 
level was held for one minute while the strains were read for both gages. The specimen 
was unloaded at the same rate, and strain readings were recorded again to verify there 
was no resulting deformation due to loading. The procedure was repeated several times 
for verification purposes. The specimen was rotated 180 degrees about the y-axis for half 





Calibration Set Up 
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2.3.2 Specimen Preparation 
 Prior to testing, the specimens were prepared for visual inspections and 
pre-cracked to a pre-defined length. A crack is easier to locate on a clean, smooth surface, 
so both faces of the center web of the specimens were polished using 600-grit SiC emery 
paper. Then they were polished with emery paper coated in olive oil and diamond paste. 
Three grades of diamond paste, 18-, 6-, and 1-µ paste were applied separately during 
multiple polishing iterations. The specimens were then washed in a water & liquid dish 
soap solution for 20 minutes in a Cole Palmer ultrasonic cleaner. This preparation is 
outlined in greater detail on pages 2-5 of the procedure in Appendix D. 
  Fatigue pre-cracking guidelines are not clearly defined by ASTM standards[1]. It 
is suggested that the minimum length of the fatigue pre-crack should be 10 percent of the 
width or height of the specimens or about 1 mm, whichever is greater. With this in mind, 
the pre-crack length was chosen to be 1 mm, and specimens were cycled at their testing 
stress levels and inspected at 5000 cycle intervals. 
2.3.3 Fatigue Cycling 
Fatigue cycling tests were performed under load control using a constant-
amplitude sinusoidal waveform with a loading frequency of 15 Hz. All tests were 
operated at room temperature ambient and a load ratio of 0.1. The general test spectrum 
block profile is shown in Figure 2.10. As mentioned previously, both the grips and the 
threaded rods are left un-tightened by 2-3 threads during cycling. The specimens were 
tested using the MTS operating procedures outlined in Appendices E & F. A detail view 









Specimen Testing Installation 
 
After each loading block, the specimen was removed from the fixture and crack 
growth along the front face was measured with the optical microscope. The specimens 
were rotated 180° about y-axis, as shown in Figure 2.12, every 1000 cycles to ensure 
even loading across the crack during cycling. An inspection of one side of a specimen is 











The maximum stress levels applied to the specimen are shown in Table 2.2. The 


















AL2064-06 5.08 46.50  
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CHAPTER 3 
RESULTS AND DISCUSSION 
  
3.1 Results 
 This section will document the results from the calibrations and experimental 
testing, along with the results of the crack growth rate calculations. 
3.1.1 Calibrations 
 Calibrations were performed on a miniature 4340 steel I-beam specimen to 
determine if any bending loads were being applied to the specimen through the grip 
configuration. A 3000N load applied to the specimen during calibrations generating a 
stress of 155.5 MPa on the 1.524 mm center web. Assuming there are no load 
components or moments other than the y-direction load to induce additional stresses on 
the specimen center web, the resulting expected strain from the applied load can be 













205 10 0 0127 0 001524
7569 . .  
 
 Readings were recorded from strain gages applied to both sides of the center web. 
The raw data results can be found in Appendix L. The plotted data and theoretical value 
is shown in Figure 3.1 below. The strains from the applied loads are slightly lower than 
the theoretical value calculated and appear to differ by up to 150 µstrains form 
experimental scatter.    
During the unloaded periods between calibrations, it was observed the strain 
readings fluctuated up to 50 µstrains (of equal & opposite values) on the gages. During 
the periods the specimen was held at constant load, the strain readings remained within a 
range of 4 µstrains. 
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3.1.2 Experimental Results and Calculations 
All the specimens were cycled from their initial pre-crack to failure under a 
constant stress level. The total cycle count is shown in Table 3.1.  
 
Table 3.1 
Total Cycles to Failure 
Specimen t [mm] σmax [MPa]
Cycles - 
Fail
AL0664-02 1.524 68.20 101000
AL0664-03 1.524 68.20 113493
AL1264-03 3.048 54.25 83525
AL1264-06 3.048 54.25 104428
AL1264-08 3.048 59.42 146406
AL1264-10 3.048 58.13 117887
AL2064-01 5.08 32.55 304605
AL2064-02 5.08 46.50 228607
AL2064-03 5.08 46.50 123637
AL2064-04 5.08 46.50 223022
AL2064-06 5.08 46.50 126732  
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All individual specimen figures displayed in this chapter will use the results from 
specimen AL1264-10. All results corresponding to the other 10 specimen will be found in 
appendices specified. The failed fracture surface for specimen AL1264-10 is in Figure 
3.2. The other fracture surface figures are located in Appendix G. The crack growth plot 
for this specimen is in Figure 3.3 and the plotted crack growth rate is shown in Figure 
































Std Deviation (Log): 0.38
No. of Data Points: 24







Specimen AL1264-10 Crack Growth Rate Plot 
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The fatigue parameters determined from the experimental data for the complete test 
matrix are summarized in Table 3.2. 
 
Table 3.2 
Crack Growth Rate Parameters 
Specimen t [mm] C m
AL0664-02 1.524 1.74E-10 2.09
AL0664-03 1.524 1.96E-10 2.09
AL1264-03 3.048 3.13E-10 2.09
AL1264-06 3.048 1.89E-10 2.23
AL1264-08 3.048 1.24E-10 2.46
AL1264-10 3.048 1.11E-10 2.41
AL2064-01 5.08 1.51E-10 2.37
AL2064-02 5.08 3.28E-10 2.07
AL2064-03 5.08 3.76E-10 2.03
AL2064-04 5.08 2.33E-10 2.26
AL2064-06 5.08 1.69E-10 2.38  
 
Several statistical parameters representing the ‘goodness’ of the data fit are summarized 









AL0664-02 1.524 0.52 0.45 2.79
AL0664-03 1.524 0.63 0.46 2.88
AL1264-03 3.048 0.64 0.50 3.13
AL1264-06 3.048 0.80 0.29 1.56
AL1264-08 3.048 0.78 0.31 2.04
AL1264-10 3.048 0.73 0.38 2.41
AL2064-01 5.08 0.71 0.44 2.78
AL2064-02 5.08 0.63 0.44 2.75
AL2064-03 5.08 0.66 0.36 2.31
AL2064-04 5.08 0.76 0.32 2.10
AL2064-06 5.08 0.71 0.32 2.09  
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3.2 Discussion 
 This section will discuss the experimental results and calculations presented in the 
previous section. The data will be compared to those from the published sources 
discussed previously. 
3.2.1 Calibrations 
The values seen in the calibration results plot suggest a small moment is applied 
to the specimen in the fixture. This difference in strain could be due to the placement of 
strain gages, as shown in Figure 3.5, but the difference in strain gage angles is not large 




Calibration Strain Gage Angles 
 
 It was assumed in Section 3.1.1 there is no x- or z- direction loads on the center 
web during specimen loading. The material will naturally react to axial displacement with 
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the Poisson effect on the center web. This will result in the shape shown in Figure 3.6 and 
can decrease the strain due to an additional strain component. If the difference in values 
was large, the stress and strain components could be measured in each direction and the 










Poisson Effect on Center Web 
3.2.2 Experimental Test Data and Calculations 
Crack initiation trends were not analyzed since multiple load levels were applied 
to part of the test matrix. All initial flaws were 3.54 mm in length. The ∆K range for the 
determination of the fatigue parameters was between 106 and 108. The data was reviewed 
by specimen thickness, as shown in Figures 3.7 through 3.9. 
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Crack Growth Rate Plot for (2) 1.254 mm specimens 
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Crack Growth Rate Plot for (4) 3.048 mm specimens 
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Crack Growth Rate Plot for (5) 5.08 mm specimens 
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 The coefficient of determination between the experimental data and the fitness of 
the regression for the fatigue parameters varied from 0.5 to 0.8. The standard deviation 
ranges were compared for each thickness, as shown in Appendix H. 
The minimum SIF calculated from the experimental data range between 3.5 and 
8.5 MPa√m and the maximum SIF range from 45 to 85 MPa√m. The ∆Kth values 
increased as the thickness of the specimen decreases as seen in Figure 3.10 and agrees 
with thickness effects of a material on the fracture toughness value[29], as illustrated in 
Figure 3.11. 
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Relation between Stress Intensity and Thickness[29] 
3.2.3 Data Comparison 
 The results were compared to published data for Aluminum 7075. The 
crack growth rates for the other sources of data correlate satisfactorily with the initial test 
data collected. The Stress Intensity Range of the experimental crack growth data 
correlated well with the data from ASM, showing a larger range of scatter at the lower 
end, as seen Figure 3.12, and the crack growth rate calculated is the same as the ASM 
data.  
Figure 3.13 compares the experimental results of this research with the crack 
growth data from the MMPDS-01. Both have the same slope and over lap in their crack 
growth rate ranges. Differences in where the ranges fall on the plots could be due to the 
differences in specimen material direction o load ratios. The data from the MMPDS-01 
was derived from tests on Plate material for a variety of load ratios ranging from 0.1 to 
0.51. The experimental data is for bar material for a single load ration of 0.1.  
Figure 3.14 and Figure 3.15 compares the experimental result with data from 
technical journals, both comparisons suggesting good correlation. The correlation with 
the Newman et al. data suggests the miniature I-beam specimen results in the same data 
as the C(T) and M(T) geometry. The correlation with the Kim et al. data suggests that the 

























Comparison with ASM Crack Growth Rates[7] 
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Comparison with MMPDS-01 Crack Growth Rates[6] 
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Comparison with Forth, Newman et al. Crack Growth Rates[10] 
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Paris Eqn. t = 9.8 
Data Curve t = 9.8 mm
Paris Eqn. t = 1.6 
Data Curve, t = 1.6 
 
Figure 3.15 




The experimental crack growth results were also compared to the crack growth 
data used by the Air Force crack growth software tool, AFGROW. Three different sets of 
crack growth rate data are available for use with the program. They all represent 7075-
T73 material tested at room temperature at a load ratio of zero. The experimental results 
















AFGROW T73 L-T Forging
AFGROW T73 L-T Dry Air







Comparison with AFGROW Crack Growth Rates 
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The fatigue parameters calculated from a number of published works and 
experimental data were compared in Table 3.4. The standard deviation of the 
experimental parameters is displayed in Table 3.5. Plots of the compared fatigue 
parameters can be found in Appendix H. The plots compare the experimental data with 
the fatigue parameters from the published work. This was completed by inputting the 










ESDU Higher CGR 19 - 25 10-5 - 10-6 3.10E-09 2.00
ESDU Lower CGR 19 - 25 10-6 - 10-7 2.91E-11 3.60
FAA Equation Fit 4.5 - 12.7 Unknown 8.10E-11 2.90
FAA Walker Eqn 4.5 - 12.7 Unknown 1.66E-11 3.16
Int'l Jnl Fatigue 1.60 Unknown 3.96E-10 2.54
Kim/Shim 3.20 Unknown 4.52E-10 2.66
February 2000 4.80 Unknown 2.16E-10 2.85
9.80 Unknown 5.36E-10 2.43
AL0664-02 1.524 10-6 - 10-9 1.74E-10 2.09
AL0664-03 1.524 10-6 - 10-9 1.96E-10 2.09
AL1264-03 3.048 10-6 - 10-9 3.13E-10 2.09
AL1264-06 3.048 10-6 - 10-9 1.89E-10 2.23
AL1264-08 3.048 10-6 - 10-9 1.24E-10 2.46
AL1264-10 3.048 10-6 - 10-9 1.11E-10 2.41
AL2064-01 5.08 10-6 - 10-9 1.51E-10 2.37
AL2064-02 5.08 10-6 - 10-9 3.28E-10 2.07
AL2064-03 5.08 10-6 - 10-9 3.76E-10 2.03
AL2064-04 5.08 10-6 - 10-9 2.33E-10 2.26
AL2064-06 5.08 10-6 - 10-9 1.69E-10 2.38  
 
Table 3.5 





C 2.15E-10 8.758E-11  
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3.2.4 Parameters Affecting Data 
 A number of parameters can have significant effect on the experimentally 
measured crack growth rate, although such variables are not incorporated into ∆K.  
Different notch geometries could affect the initiation of a crack. A review of the 
notch geometry reviewed the values were too small to determine the stress concentration 
for both geometries from standard published data shown in Appendix figure J.1. 
Mechanica FEA models were generated for the two notch geometries, as shown in 
Appendix figure J.2. Gross stress concentration values of 14.50 and 16.19 were 
calculated for the EDM and square notch, respectively. The difference in these values is 
small and should not affect the initiation of the flaw.  
Published notch sensitivity plots for aluminum suggest the smaller a notch radius, 
the small the notch sensitivity factor, which would decrease the fatigue stress 
concentration factor. Other sources for the effects of the notch could come from the grain 
shape of the material or the notch manufacturing process.  
The beta equation used in the stress intensity factor calculations is valid for 
specimens where the length is at least two times smaller than the unclamped height. This 
is not the case for the specimen geometry utilized in this research. The length is longer 
than the unclamped height.  The possible effects of the too short specimens would need to 
be studied further. 
The magnification of the optical equipment used for crack growth measurements 
could affect the accuracy of the readings. Although measurements are recorded for both 
sides of the notch, the crack path in the center of the material is not recorded. Other 
inspection methods or a more powerful microscope could increase the accuracy of the 
measurements. 
 The specimens are thin enough to begin to act in the plane stress condition. This 





 Eleven miniature I-beam specimens varying in 3 web thicknesses were 
successfully utilized in fatigue crack growth testing of aluminum specimen. Crack growth 
data was gathered and fit with the Region II Paris Law relationship. The results were 
compared with data from existing literature. The fatigue parameters and life predictions 
suggest correlation with published analysis methods. The C-coefficient remained within a 
range of 1E-10 m-1 and 4E-10 m-1; the m-exponent ranged between 2 and 3. The data also 






The first recommendation of future work would be additional testing of the 
current specimen and parameters. This research is a solid foundation for utilizing this 
design geometry in a variety tests and further investigation would generate a more robust 
set of data and results for material properties. There would also be an increase in the 
confidence of the data for each individual set of specimen thicknesses. Data form crack 
growth rates in other material directions would contribute to a better understand of the 
material properties overall. A micro-structural investigation into the grain size would 
contribute to a better understanding of the crack growth rates, as well. Frictionless 
spherical bearings could be used during testing to alleviate any potential bending 
introduced into the specimen during cycling.  
Confidence in the experimental data could be complemented by additional 
analytical studies of the test set up and data. A finite element analysis of loads applied to 
a specimen geometry with varying crack lengths or grip stiffness could offer better 
insight to the stress distribution effects on the assembly as well as the experimental 
results. 
In addition to accruing crack growth data, it is suggested that further testing of 
this specimen geometry include a variety of test types, such as monotonic ultimate and 
fracture toughness to validate the usefulness of the geometric design. This should also 
lead to the study of environmental effects on the geometric and loading parameters.  
Other significant areas of study would include variations in the testing parameters 
and material geometry. The study of load ratio effects would also complement the initial 





Load Ratio Effects on Crack Growth Rates[30] 
 
Other materials in similar applications, such as steel or titanium could be tested in this 
manner, as well. Steel has as many applications as aluminum in the aerospace industry. 
Prior research by sources such as ASM has shown the difference in crack growth rates for 
aluminum and steel can vary greatly. It also has been observed that the small crack effect 





Crack Growth Rates of Various Materials[7] 
 
This then offers another opportunity to study cracks on a much smaller scale with state-
of-the-art health monitoring instrumentation, such as ACPD. This would allow for greater 
precision in crack growth measurements at much smaller crack sizes. The materials are 
good conductors and the flat surfaces allow for easy attachment of the probe wires. 
Aluminum wires have successfully been ultrasonically-welded to the narrow faces of this 
specimen geometry, which should make the opportunity to utilize this inspection option 
even more appealing. This then also creates an opportunity to study small cracks and 






AC Potential Drop Crack Growth Monitoring 
  
 Overall, the research has validated the material’s crack growth properties and 























Monotonic Material Properties[27] 
Cyclic Strength Coefficient K' 695 MPa
True Fracture Strength sf' 989 MPa
True Fracture Ductility ef' 6.812
Cyclic Strain Hardening Exponent n' 0.094
Elastic Strain-Life Slope b -0.14
Plastic Strain Life Slope c -1.198  
 
Table B.2 
Cyclic Material Properties[7] 
Young's Modulus E 71 MPa
Yield Strength sy 435 MPa
Ultimate Strength su 505 MPa
Endurance Limit Se 150 MPa
Fracture Toughness Kc 18 - 32 MPa
Strength Coefficient K 633 MPa
Strain Hardening Exponent n 0.055
Poisson Ratio ν 0.33  
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APPENDIX B 
MATERIAL PROPERTIES  
 
Figure B.1 






Equipment Manufacturer Model Serial Number
Servo-Hydraulic Test Stand MTS Load Unit 318.25 Load Unit 1043559 
Actuator 318.25 Actuator 1018649
Hydraulic Power Unit MTS 505.11 1046944
Controller MTS 493.01 1021899
Force Transducer MTS 661.22c-01 1042541
Personal Computer Compaq Desk Pro P400/6.4/64/NTC US 6930BW431149
Microscope Nikon -- 124165/110891
Ultrasonic Cleaner Cole Palmer 18895-16 RTF110393167
Fiber Optic Light Dolan-Jenner Industries Fiber-Lite 3100 --
Strain Gage Soldering Unit Vishay Mark VIII --
Switch & Balance Unit Measurements Group SB-10 GT-003782
Strain Indicator Unit Measurements Group P3500 GT-0080286
Digital Voltmeter Sperry DM-350A --
Strain Gages M&M Measurements Group CEA-05-062UW-350 --
Microscope National DC3-4207 --
Personal Computer Gateway 838GM XAB5A I10 07176
Digital Camera Olympus Stylus 400 --  
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APPENDIX D 


























































































AL2064-02 Fracture Surfaces  
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APPENDIX G 
FRACTURE SURFACES  
 
Figure G.9 




AL2064-04 Fracture Surfaces  
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APPENDIX G 
FRACTURE SURFACES  
 
Figure G.11 




































3.048mm CGR Standard Deviation 
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Kim/Shim t = 1.6mm
Kim/Shim t = 3.2 mm
Kim/Shim t = 4.8 mm
























Kim/Shim t = 1.6 mm
Kim/Shim t = 3.2 mm
Kim/Shim t = 4.8 mm
























Kim/Shim t = 1.6 mm
Kim/Shim t = 3.2 mm
Kim/Shim t = 4.8 mm













AL0664-02 Crack Growth 
 















Std Deviation (Log): 0.446
No. of Data Points: 21













AL0664-03 Crack Growth 
 















Std Deviation (Log): 0.46
No. of Data Points: 23













AL1264-03 Crack Growth 
 















Std Deviation (Log): 0.50
No. of Data Points: 27













AL1264-06 Crack Growth 
 















Std. Deviation (Log): 0.29
No. of Data Points: 57












AL1264-08 Crack Growth 
 















Std. Deviation (Log): 0.31
No. of Data Points: 24













AL1264-10 Crack Growth 
 















Std Deviation (Log): 0.38
No. of Data Points: 24







AL1264-10 Crack Growth Rate  
 90




AL2064-01 Crack Growth 
 















Std. Deviation (Log): 0.38
No. of Data Points: 30













AL2064-02 Crack Growth 
 















Std Deviation (Log): 0.440
No. of Data Points: 30













AL2064-03 Crack Growth 
 















Std Deviation (Log): 0.36
No. of Data Points: 52












AL2064-04 Crack Growth 
 















Std. Deviation (Log): 0.32
No. of Data Points: 34














AL2064-06 Crack Growth 
 















Std. Deviation (Log): 0.32
No. of Data Points: 33







AL2064-06 Crack Growth Rate  
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APPENDIX J 
STRESS CONCENTRATION FACTOR ANALYSIS 














2 x r = 0.042 mm
semicircular
























AL0664-02 Original Experimental Data 
AL0664-02 aL [mm] aR [mm] Max Stress [MPa]
0 0.0000 0.0000 65.1
1000 0.0000 0.0000 65.1
3000 0.0000 0.0000 65.1
5000 0.0000 0.0000 65.1
7000 0.0000 0.0000 65.1
9000 0.0000 0.0000 65.1
11000 0.0000 0.0000 65.1
13000 0.0000 0.0000 65.1
15000 0.0000 0.0000 65.1
17000 0.0000 0.0000 65.1
19000 0.0000 0.0000 65.1
21000 0.0000 0.0000 65.1
23000 0.0000 0.0000 65.1
25000 0.0000 0.0000 65.1
27000 0.0000 0.0000 65.1
29000 0.0000 0.0000 68.2
31000 0.0000 0.0000 68.2
33000 0.0000 0.0000 68.2
35000 0.0000 0.0000 68.2
37000 0.0000 0.0000 68.2
39000 0.0000 0.0000 68.2
41000 0.0000 0.0000 68.2
43000 0.0000 0.0000 68.2
45000 0.0000 0.0000 68.2
47000 0.1693 0.1270 68.2
49000 0.2328 0.1693 68.2
51000 0.2540 0.1905 68.2
53000 0.3598 0.1905 68.2
55000 0.3810 0.1905 68.2
57000 0.4022 0.1905 68.2
59000 0.5503 0.5927 68.2
61000 0.5503 0.5927 68.2
63000 0.7832 0.6773 68.2
65000 0.7832 0.6773 68.2
67000 0.7832 0.6773 68.2
69000 0.9525 0.9525 68.2
71000 1.0160 0.9525 68.2
73000 1.0160 0.9525 68.2
75000 1.0160 0.9525 68.2
77000 1.2277 1.1218 68.2
79000 1.2700 1.1218 68.2
81000 1.2700 1.2700 68.2
83000 1.2700 1.2700 68.2
85000 1.2700 1.2700 68.2
87000 2.0108 1.7357 68.2
89000 2.5400 2.4342 68.2
91000 2.6458 2.4342 68.2
93000 3.1115 3.0692 68.2
95000 3.5983 3.4925 68.2
97000 4.4450 4.3392 68.2
99000 5.5880 5.5880 68.2





AL0664-03 Original Experimental Data 
AL0664-03 aL [mm] aR [mm] Max Stress [MPa] AL0664-03 aL [mm] aR [mm] Max Stress [MPa]
0 0.000 0.000 68.2 104000 2.646 2.688 68.2
2000 0.000 0.000 68.2 106000 3.493 3.598 68.2
4000 0.000 0.000 68.2 107000 3.598 3.641 68.2
6000 0.000 0.000 68.2 108000 4.128 4.128 68.2
8000 0.000 0.000 68.2 109000 4.445 4.551 68.2
10000 0.000 0.000 68.2 110000 5.292 5.419 68.2
12000 0.000 0.000 68.2 111000 5.609 5.503 68.2
14000 0.000 0.000 68.2 112000 6.477 6.138 68.2
16000 0.000 0.000 68.2 113000 6.985 6.985 68.2
18000 0.000 0.000 68.2 114000 0.000 0.000 68.2
20000 0.000 0.000 68.2
22000 0.000 0.000 68.2
24000 0.000 0.000 68.2
26000 0.000 0.000 68.2
28000 0.000 0.000 68.2
30000 0.000 0.000 68.2
32000 0.000 0.000 68.2
34000 0.000 0.000 68.2
36000 0.000 0.000 68.2
38000 0.000 0.000 68.2
40000 0.000 0.000 68.2
42000 0.000 0.000 68.2
44000 0.000 0.000 68.2
46000 0.000 0.000 68.2
48000 0.000 0.000 68.2
50000 0.000 0.000 68.2
52000 0.000 0.000 68.2
54000 0.000 0.064 68.2
56000 0.000 0.064 68.2
58000 0.000 0.064 68.2
60000 0.000 0.064 68.2
62000 0.000 0.148 68.2
64000 0.000 0.212 68.2
66000 0.000 0.212 68.2
68000 0.000 0.212 68.2
70000 0.254 0.381 68.2
72000 0.381 0.466 68.2
74000 0.381 0.466 68.2
76000 0.381 0.466 68.2
78000 0.381 0.466 68.2
80000 0.529 0.741 68.2
82000 0.656 0.847 68.2
84000 0.847 0.889 68.2
86000 0.847 0.953 68.2
88000 0.889 0.995 68.2
90000 0.889 0.995 68.2
92000 0.889 0.995 68.2
94000 1.058 1.270 68.2
96000 1.101 1.312 68.2
98000 1.101 1.312 68.2
100000 1.799 2.011 68.2





AL1264-03 Original Experimental Data 
AL1264-03 aL [mm] aR [mm] Max Stress [MPa]
0 0.0000 0.0000 54.3
2000 0.0000 0.0000 54.3
7000 0.0000 0.0000 54.3
12000 0.0000 0.0000 54.3
17000 0.0000 0.0000 54.3
22000 0.1000 0.0000 54.3
27000 0.0000 0.0000 54.3
32000 0.0000 0.0000 54.3
37000 0.0000 0.0000 54.3
42000 0.0000 0.0000 54.3
47000 0.3200 0.2400 54.3
52000 0.6200 0.6000 54.3
57000 1.0000 1.3000 54.3
59000 1.463 1.750 54.3
61000 1.950 1.750 54.3
63000 2.200 1.800 54.3
65000 2.139 1.925 54.3
67000 2.487 2.353 54.3
68000 2.487 2.353 54.3
69000 2.727 2.460 54.3
70000 2.727 2.513 54.3
71000 2.754 2.727 54.3
72000 2.941 2.861 54.3
73000 2.995 2.941 54.3
74000 3.262 3.182 54.3
75000 3.262 3.342 54.3
76000 3.663 3.636 54.3
77000 3.690 3.716 54.3
78000 4.144 4.144 54.3
79000 4.198 4.211 54.3
80000 4.759 4.920 54.3
81000 4.920 5.000 54.3
82000 6.069 5.882 54.3
82500 6.069 5.962 54.3
83000 7.165 7.059 54.3





AL1264-06 Original Experimental Data 
AL1264-06 aL [mm] aR [mm] Max Stress [MPa] AL1264-06 aL [mm] aR [mm] Max Stress [MPa]
0 0.00 0.00 54.3 102000 5.347 4.973 54.3
2000 0.00 0.00 54.3 102500 5.615 5.481 54.3
7000 0.00 0.00 54.3 103000 6.016 5.481 54.3
12000 0.00 0.06 54.3 103500 6.417 6.310 54.3
17000 0.12 0.14 54.3 104000 6.952 6.417 54.3
22000 0.12 0.26 54.3
27000 0.30 0.30 54.3
32000 0.36 0.36 54.3
37000 0.30 0.40 54.3
42000 0.36 0.40 54.3
47000 0.38 0.44 54.3
52000 0.54 0.80 54.3
57000 1.123 0.856 54.3
58000 1.123 0.856 54.3
59000 1.123 0.856 54.3
61000 1.176 0.909 54.3
63000 1.203 0.963 54.3
65000 1.203 1.069 54.3
67000 1.310 1.069 54.3
69000 1.310 1.203 54.3
71000 1.471 1.230 54.3
72000 1.471 1.337 54.3
73000 1.524 1.364 54.3
74000 1.551 1.364 54.3
75000 1.551 1.390 54.3
76000 1.551 1.497 54.3
77000 1.604 1.604 54.3
78000 1.631 1.631 54.3
79000 1.711 1.658 54.3
80000 1.711 1.738 54.3
81000 1.818 1.765 54.3
82000 1.818 1.925 54.3
83000 2.005 1.925 54.3
84000 2.005 2.032 54.3
85000 2.139 2.032 54.3
86000 2.219 2.192 54.3
87000 2.299 2.192 54.3
88000 2.380 2.406 54.3
89000 2.487 2.406 54.3
90000 2.540 2.674 54.3
91000 2.727 2.674 54.3
92000 2.807 2.888 54.3
93000 2.995 2.941 54.3
94000 3.262 3.208 54.3
95000 3.422 3.262 54.3
96000 3.476 3.476 54.3
97000 3.743 3.476 54.3
98000 3.797 3.529 54.3
99000 4.144 3.716 54.3
100000 4.358 4.278 54.3
101000 4.706 4.305 54.3





AL1264-08 Original Experimental Data 
Al1264-08 aL [mm] aR [mm] Max Stress [MPa]
0 0.000 0.000 54.3
1000 0.000 0.000 54.3
2000 0.000 0.000 54.3
3000 0.000 0.000 54.3
4000 0.000 0.000 54.3
6000 0.000 0.000 54.3
8000 0.000 0.000 54.3
10000 0.000 0.000 54.3
15000 0.000 0.000 54.3
20000 0.000 0.000 54.3
25000 0.000 0.000 54.3
30000 0.000 0.000 54.3
35000 0.000 0.000 54.3
40000 0.000 0.000 54.3
45000 0.000 0.000 54.3
50000 0.000 0.000 54.3
55000 0.000 0.000 54.3
60000 0.000 0.000 54.3
65000 0.000 0.000 54.3
70000 0.000 0.000 54.3
75000 0.000 0.000 54.3
80000 0.000 0.000 59.4
85000 0.000 0.000 59.4
90000 0.000 0.000 59.4
95000 0.318 0.106 59.4
98000 0.318 0.106 59.4
100000 0.318 0.106 59.4
105000 0.529 0.106 59.4
110000 0.635 0.106 59.4
115000 1.101 0.381 59.4
120000 1.693 1.058 59.4
122000 1.778 1.058 59.4
124000 1.799 1.376 59.4
126000 1.799 1.376 59.4
128000 2.328 2.011 59.4
129000 2.540 2.011 59.4
130000 2.646 2.328 59.4
131000 2.963 2.540 59.4
132000 2.963 2.900 59.4
133000 3.493 2.900 59.4
134000 3.493 3.175 59.4
135000 3.747 3.535 59.4
135500 3.916 3.768 59.4
136000 4.043 3.852 59.4
136500 4.233 3.895 59.4
137000 4.424 4.170 59.4
137500 4.551 4.487 59.4
138000 4.932 4.593 59.4
138500 5.186 5.080 59.4
139000 5.927 5.757 59.4





AL1264-10 Original Experimental Data 
AL1264-10 aL [mm] aR [mm] Max Stress [MPa]
0 0.000 0.000 58.1
2000 0.000 0.000 58.1
4000 0.000 0.000 58.1
6000 0.000 0.000 58.1
10000 0.000 0.000 58.1
15000 0.000 0.000 58.1
20000 0.000 0.000 58.1
25000 0.000 0.000 58.1
30000 0.000 0.000 58.1
35000 0.000 0.000 58.1
40000 0.000 0.000 58.1
45000 0.000 0.000 58.1
50000 0.127 0.042 58.1
55000 0.212 0.042 58.1
60000 0.423 0.106 58.1
65000 0.423 0.106 58.1
70000 0.529 0.106 58.1
75000 0.677 0.212 58.1
80000 0.889 0.212 58.1
85000 0.889 0.762 58.1
90000 1.291 0.804 58.1
95000 1.693 1.397 58.1
98000 1.820 1.482 58.1
100000 1.842 1.482 58.1
102000 2.074 1.482 58.1
104000 2.223 1.799 58.1
106000 2.434 1.905 58.1
108000 2.646 2.074 58.1
110000 3.133 2.498 58.1
112000 3.704 3.493 58.1
113000 3.916 3.493 58.1
114000 4.487 4.191 58.1
115000 4.657 4.276 58.1
116000 5.059 5.144 58.1
116500 5.503 5.292 58.1
117000 5.863 5.927 58.1





AL2064-01 Original Experimental Data 
AL2064-01 aL [mm] aR [mm] Max Stress [MPa] AL2064-01 aL [mm] aR [mm] Max Stress [MPa]
0 0.000 0.000 32.6 223100 1.604 1.390 35.7
2000 0.000 0.000 32.6 225100 1.631 1.417 35.7
4000 0.000 0.000 32.6 227100 1.631 1.471 35.7
6000 0.000 0.000 32.6 229100 1.684 1.471 35.7
11000 0.000 0.000 32.6 231100 1.684 1.604 35.7
16000 0.000 0.000 32.6 233100 1.684 1.604 35.7
21000 0.000 0.000 32.6 235100 1.684 1.604 35.7
26000 0.000 0.000 32.6 237100 1.684 1.658 35.7
31000 0.000 0.000 32.6 239100 1.684 1.658 35.7
36000 0.000 0.000 32.6 241100 1.684 1.658 35.7
41000 0.000 0.000 32.6 243100 1.738 1.872 35.7
46000 0.000 0.000 32.6 245100 1.791 1.872 35.7
51000 0.000 0.000 32.6 247100 1.791 1.872 35.7
56000 0.000 0.000 32.6 249100 1.791 2.005 35.7
61000 0.000 0.000 32.6 251100 1.791 2.059 35.7
66000 0.000 0.000 32.6 253100 1.872 2.085 35.7
71000 0.020 0.000 32.6 255100 1.872 2.166 35.7
76000 0.000 0.000 32.6 257100 1.872 2.166 35.7
81000 0.000 0.020 32.6 259100 1.925 2.166 35.7
86000 0.000 0.000 32.6 261100 2.005 2.166 35.7
91000 0.000 0.000 32.6 263100 2.005 2.246 35.7
96000 0.000 0.000 32.6 265100 2.005 2.299 35.7
101000 0.000 0.000 32.6 267100 2.139 2.513 35.7
106000 0.000 0.020 32.6 269100 2.273 2.540 35.7
111000 0.020 0.025 32.6 271100 2.326 2.700 35.7
116000 0.000 0.025 32.6 274100 2.593 2.727 35.7
121000 0.040 0.040 32.6 277100 2.620 2.941 35.7
126000 0.300 0.200 32.6 280100 2.941 3.048 35.7
131000 0.350 0.300 32.6 283100 2.968 3.208 35.7
136000 0.350 0.500 32.6 286100 3.235 3.396 35.7
141000 0.400 0.500 32.6 289100 3.609 4.011 35.7
146000 0.500 0.500 32.6 291100 3.877 4.144 35.7
151000 0.440 0.500 32.6 293100 4.064 4.545 35.7
156000 0.500 0.450 32.6 295100 4.679 4.679 35.7
161000 0.500 0.600 32.6 297100 4.813 5.080 35.7
166000 0.560 0.600 32.6 299100 5.321 5.294 35.7
171000 0.560 0.640 32.6 300100 5.535 5.748 35.7
176000 0.560 0.640 32.6 301100 5.855 5.882 35.7
181000 0.560 0.700 32.6 302100 6.256 6.310 35.7
186000 0.640 0.740 32.6 302600 6.497 6.417 35.7
191000 0.720 0.740 32.6 303100 6.818 6.978 35.7
196000 0.860 0.880 32.6 303600 6.978 7.085 35.7
201000 0.860 0.880 32.6 304100 7.353 7.353 35.7
206000 0.880 0.900 32.6
211100 0.880 0.900 32.6
212100 1.577 1.310 35.7
213100 1.604 1.364 35.7
214100 1.604 1.364 35.7
215100 1.604 1.364 35.7
217100 1.604 1.364 35.7
219100 1.604 1.390 35.7





AL2064-02 Original Experimental Data 
AL2064-02 aL [mm] aR [mm] Max Stress [MPa] AL2064-02 aL [mm] aR [mm] Max Stress [MPa]
0 0.000 0.000 32.6 212000 4.033 3.900 46.5
2000 0.000 0.000 32.6 214000 4.500 4.333 46.5
6000 0.000 0.000 32.6 216000 4.933 4.967 46.5
11000 0.000 0.000 32.6 218000 5.067 5.000 46.5
16000 0.000 0.000 32.6 220000 5.833 6.033 46.5
21000 0.000 0.000 32.6 222000 5.900 6.667 46.5
26000 0.000 0.000 32.6 224000 7.167 7.400 46.5
31000 0.000 0.000 32.6 226000 8.167 8.167 46.5
36000 0.000 0.000 32.6 228000 10.167 10.500 46.5
41000 0.000 0.000 32.6
46000 0.000 0.000 32.6
51000 0.000 0.000 32.6
56000 0.000 0.000 32.6
61000 0.000 0.000 32.6
66000 0.000 0.000 32.6
71000 0.000 0.000 32.6
76000 0.000 0.000 32.6
81000 0.000 0.000 32.6
86000 0.000 0.000 32.6
91000 0.000 0.000 32.6
96000 0.000 0.000 32.6
101000 0.000 0.000 32.6
106000 0.120 0.100 32.6
111000 0.120 0.140 32.6
116000 0.120 0.140 32.6
121000 0.140 0.140 32.6
126000 0.180 0.140 32.6
131000 0.300 0.240 32.6
136000 0.340 0.360 32.6
141000 0.340 0.360 32.6
146000 0.340 0.360 32.6
151000 0.800 0.500 32.6
156000 0.800 0.700 32.6
161000 0.860 0.700 32.6
166000 0.860 0.720 32.6
171000 0.860 0.720 32.6
176000 0.880 0.840 32.6
181000 0.880 0.900 32.6
186000 1.000 1.000 32.6
186000 1.067 1.067 46.5
188000 1.267 1.067 46.5
190000 1.267 1.200 46.5
192000 2.067 1.667 46.5
194000 2.433 1.833 46.5
196000 2.700 2.000 46.5
198000 2.700 2.133 46.5
200000 2.767 2.167 46.5
202000 2.767 2.333 46.5
204000 2.833 2.400 46.5
206000 2.900 3.000 46.5
208000 3.400 3.400 46.5





AL2064-03 Original Experimental Data 
AL2064-03 aL[mm] aR[mm] Max Stress [MPa] AL2064-03 aL[mm] aR[mm] Max Stress [MPa]
0 0.0000 0.0000 46.5 111000 3.2597 3.3020 46.5
5000 0.0000 0.0000 46.5 112000 3.5983 3.5560 46.5
10000 0.0000 0.0039 46.5 113000 3.5983 3.6195 46.5
15000 0.0000 0.0000 46.5 114000 3.7042 3.7042 46.5
20000 0.0000 0.0000 46.5 115000 3.7465 3.8100 46.5
25000 0.0000 0.0000 46.5 116000 3.8947 3.8947 46.5
30000 0.0018 0.0000 46.5 117000 4.0005 4.2333 46.5
35000 0.0000 0.0000 46.5 118000 4.2122 4.2545 46.5
40000 0.0000 0.0000 46.5 119000 4.3815 4.6567 46.5
45000 0.32 0.53 46.5 120000 5.1012 4.9742 46.5
50000 0.37 0.50 46.5 121000 5.6727 5.5033 46.5
55000 0.42 0.53 46.5 122000 6.1595 6.0325 46.5
60000 0.64 0.55 46.5 123000 6.7945 6.6675 46.5
65000 0.66 0.55 46.5
70000 0.68 0.68 46.5
72000 0.70 0.70 46.5
74000 0.70 0.70 46.5
76000 0.83 0.87 46.5
77000 0.89 0.97 46.5
78000 1.08 1.02 46.5
79000 1.12 1.02 46.5
80000 1.16 1.02 46.5
81000 1.19 1.02 46.5
82000 1.19 1.02 46.5
83000 1.19 1.04 46.5
84000 1.19 1.04 46.5
85000 1.23 1.04 46.5
86000 1.23 1.04 46.5
87000 1.38 1.10 46.5
88000 1.42 1.16 46.5
89000 1.48 1.16 46.5
90000 1.4817 1.25 46.5
91000 1.5240 1.33 46.5
92000 1.5452 1.3335 46.5
93000 1.5875 1.3758 46.5
94000 1.5875 1.4393 46.5
95000 1.7145 1.5875 46.5
96000 1.7357 1.7568 46.5
97000 1.8627 1.7780 46.5
98000 1.9050 1.7992 46.5
99000 1.9685 1.9262 46.5
100000 1.9685 2.0532 46.5
101000 2.2437 2.2013 46.5
102000 2.3072 2.3283 46.5
103000 2.3072 2.3283 46.5
104000 2.4342 2.5823 46.5
105000 2.4977 2.5823 46.5
106000 2.4977 2.6882 46.5
107000 2.8152 2.8787 46.5
108000 2.8152 2.9633 46.5
109000 3.1750 3.0903 46.5





AL2064-04 Original Experimental Data 
AL2064-04 aL [mm] aR [mm] Max Stress [MPa] AL2064-04 aL [mm] aR [mm] Max Stress [MPa]
0 0.000 0.000 32.6 214000 3.206 3.731 46.5
2000 0.000 0.000 32.6 216000 3.788 3.825 46.5
4000 0.000 0.000 32.6 217000 3.844 3.938 46.5
6000 0.000 0.000 32.6 218000 3.938 4.144 46.5
11000 0.000 0.000 32.6 219000 4.313 4.181 46.5
16000 0.000 0.000 32.6 220000 5.344 4.875 46.5
21000 0.000 0.000 32.6 221000 5.531 5.438 46.5
26000 0.000 0.000 32.6 222000 6.750 5.625 46.5
31000 0.000 0.000 32.6 223000 6.788 7.350 46.5
36000 0.000 0.000 32.6
41000 0.000 0.000 32.6
46000 0.000 0.000 32.6
51000 0.000 0.000 32.6
56000 0.000 0.000 32.6
61000 0.000 0.000 32.6
66000 0.000 0.000 32.6
71000 0.000 0.000 32.6
76000 0.000 0.000 32.6
81000 0.000 0.000 32.6
86000 0.000 0.000 32.6
91000 0.000 0.000 32.6
96000 0.000 0.000 32.6
101000 0.000 0.000 32.6
106000 0.000 0.000 32.6
111000 0.200 0.400 32.6
121000 0.200 0.500 32.6
126000 0.300 0.500 32.6
131000 0.300 0.500 32.6
136000 0.340 0.625 32.6
156000 0.275 0.450 46.5
161000 0.300 0.575 46.5
166000 0.625 0.650 46.5
171000 0.700 0.925 46.5
176000 0.806 0.994 46.5
178000 0.825 1.013 46.5
180000 0.975 1.050 46.5
182000 1.088 1.106 46.5
184000 1.350 1.219 46.5
186000 1.388 1.313 46.5
188000 1.406 1.350 46.5
190000 1.444 1.406 46.5
192000 1.594 1.500 46.5
194000 1.613 1.594 46.5
196000 1.838 1.763 46.5
198000 1.856 1.875 46.5
200000 2.138 2.063 46.5
202000 2.194 2.175 46.5
204000 2.288 2.213 46.5
206000 2.325 2.344 46.5
208000 2.494 2.663 46.5
210000 2.719 2.831 46.5
212000 3.094 3.019 46.5
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APPENDIX K 
RAW DATA  
Table K.11 
AL2064-06 Original Experimental Data 
AL2064-06 aL [mm] aR[mm] Max Stress [MPa]
0 0.000 0.000 46.5
5000 0.000 0.000 46.5
10000 0.000 0.125 46.5
15000 0.000 0.125 46.5
20000 0.000 0.125 46.5
25000 0.050 0.125 46.5
30000 0.375 0.125 46.5
35000 0.375 0.125 46.5
40000 0.500 0.125 46.5
45000 0.500 0.250 46.5
50000 0.500 0.250 46.5
55000 0.500 0.250 46.5
60000 0.500 0.250 46.5
65000 0.600 0.250 46.5
70000 0.600 0.250 46.5
75000 0.875 0.625 46.5
80000 0.900 0.875 46.5
82000 0.900 1.144 46.5
84000 1.350 1.181 46.5
86000 1.369 1.238 46.5
88000 1.500 1.313 46.5
90000 1.556 1.388 46.5
92000 1.594 1.425 46.5
94000 1.650 1.519 46.5
96000 1.875 1.538 46.5
98000 1.913 1.781 46.5
100000 2.194 1.819 46.5
102000 2.213 1.969 46.5
104000 2.363 2.025 46.5
106000 2.531 2.325 46.5
108000 2.663 2.381 46.5
110000 2.719 2.531 46.5
112000 2.963 2.681 46.5
114000 3.038 2.813 46.5
116000 3.094 2.906 46.5
118000 3.563 3.319 46.5
120000 4.200 3.713 46.5
122000 4.313 4.407 46.5
123000 4.650 4.538 46.5
124000 4.819 4.781 46.5
125000 5.625 5.344 46.5
126000 6.225 6.150 46.5  
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APPENDIX L 
CALIBRATION RAW DATA 
Table L.1 
Calibration Raw Data 
Channel 1 













Trial Date Color [µstrain] [µstrain] [µstrain] [µstrain] [µstrain] [µstrain] [µstrain] [µstrain] [µstrain] [MPa] [MPa]
1 6/3/2006 Orange 725 647 4 6 0 0 686 756 772 145 129
2 6/3/2006 Orange 726 648 0 0 5 10 687 756 772 145 130
3 6/6/2006 Orange 855 582 -1 1 4 -6 719 756 772 171 116
4 6/6/2006 Orange 812 636 -1 1 -7 7 724 756 772 162 127
5 6/6/2006 Orange 825 596 0 0 27 -20 711 756 772 165 119
6 6/6/2006 Orange 802 643 1 0 2 1 723 756 772 160 129
7 6/6/2006 Yellow 686 665 -1 0 -5 0 676 756 772 137 133
8 6/6/2006 Yellow 690 675 -1 -1 -1 -2 683 756 772 138 135
9 6/6/2006 Yellow 689 685 -1 -2 -15 20 687 756 772 138 137
10 6/6/2006 Yellow 700 685 -3 -3 -1 -4 693 756 772 140 137
11 6/6/2006 Orange 730 570 1 0 -3 3 650 756 772 146 114
12 6/6/2006 Orange 735 580 -1 1 0 -7 658 756 772 147 116
13 6/6/2006 Orange 755 581 0 0 0 0 668 756 772 151 116
14 6/6/2006 Orange 773 585 0 0 0 0 679 756 772 155 117
15 6/6/2006 Yellow 703 680 -2 0 50 60 692 756 772 141 136
16 6/6/2006 Yellow 720 665 0 -1 5 -5 693 756 772 144 133
17 6/6/2006 Yellow 725 662 5 -5 0 0 694 756 772 145 132
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